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INTRODUCTION
Studies of fabric and texture are often carried out as part of the suite of measurements performed to characterize the physical properties of ice cores (Gow, 1970; Gow and Williamson, 1976; Hooke and Hudleston, 1980; Herron and Langway, 1982; Lipenkov and others, 1989; Gow and others, 1997; Thorsteinsson and others, 1997; others, 1999, 2000; Okuyama and others, 2003) . These measurements are important for understanding the physical evolution of the ice over the time-scale relevant to paleoclimatic data extracted from the core. The fabric and texture information can serve a variety of purposes, ranging from indicating the loss of stratigraphic continuity in the ice (Alley and others, 1997) to providing direct clues to climatic changes (Petit and others, 1987) . The symmetry of the fabric can be related to the stress symmetry in the ice and hence may provide a measure of the ice-flow history (Alley, 1988; Thorsteinsson and others, 2003) . Measurements of the fabric are also important for providing inputs to ice-flow laws (Alley, 1992; Azuma, 1994 Azuma, , 1995 Azuma and Goto-Azuma, 1996; Thorsteinsson and others, 1999; Ktitarev and others, 2002; Staroszczyk, 2003) as well as for testing fabric evolution models (Azuma and Higashi, 1985; Alley, 1988 Alley, , 1992 Van der Veen and Whillans, 1994; Castelnau and others, 1996; Faria and others, 2002; Thorsteinsson, 2002) . In this paper, we provide a detailed description of the fabric and texture at Siple Dome, Antarctica. The study is motivated generally by many of the above issues, and more specifically by recent paleoclimate data.
The Siple Dome ice core yielded interesting and unusual results from the point of view of various paleoclimate indicators. Two anomalous abrupt warming events have been recorded, at 15kyr BP (670 m depth, 38C warming), and 22 kyr BP (722 m, 68C warming) (Severinghaus and others, 2003; Taylor and others, 2004) . In both cases, abrupt warming seems to have been accompanied by a drop in accumulation rate, determined from gravitational fractionation of argon and nitrogen isotopes in conjunction with the stable-isotope temperature data. A dramatic drop in d 15 N, associated with the event at 15kyr BP, can only be explained by disappearance of the diffusive layer in the firn, possibly due to the (nearly) complete disappearance of the firn itself. Analysis of the isotope fractionation data for the 22 kyr event indicates a decrease in accumulation rate of about 70%. These events are unusual because in commonly used precipitation models, warming is generally associated with an increase in saturation vapor pressure, resulting in an increase in accumulation rate. Adding to the mystery is the evidence that many impurities with important dry deposition (e.g. Na, Ca) are not found to change in concentration across these events as would be expected if the accumulation rate suddenly decreased.
The cause of the anomalous behavior at these two events is still largely unknown. Some possible scenarios consistent with the available data include: changes in ice-stream dynamics (possibly also affecting ice flow at the core location) or changes in the local atmospheric circulation (and hence local climate) leading to a total loss of firn, followed by normal accumulation; development of a larger convection zone; deep vertical cracks in the firn allowing ventilation; horizontal melt layers with reduced gas porosity restricting vertical fractionation.
For at least some possible scenarios, there may also be evidence embedded in the physical properties of the ice that can provide new clues to the underlying causes. Hence, as background for future interpretations of the unusual gas and chemical data, it is important to have as complete a picture as possible of the physical properties of the ice at the site. An understanding of the physical properties at Siple Dome in relation to possible paleoclimate scenarios will also be helpful in interpreting data from the proposed future West Antarctic ice sheet Western Divide core.
SITE CHARACTERISTICS
A 1004 m ice core was obtained from Siple Dome during the 1996-99 field seasons. The core site is located between Kamb and Bindschadler Ice Streams at approximately 81840 0 S, 148849 0 W. Reconnaissance of the region during prior seasons showed that the core site was situated on a ridge whose long direction is aligned east-west (Mayewski and others, 1995; Scambos and Nereson, 1995) . The average surface temperature and accumulation rate were determined as -258C and 0.12 m a -1 respectively. The core was transported to the US National Ice Core Laboratory (NICL) in Denver, Colorado, where core processing was carried out. At that time ECM/CCM (electrical conductivity and complex conductivity) measurements (Taylor, 2003) and visual stratigraphy were performed, and samples were sent to various groups for analysis of multiple climate proxies. During the field seasons and following return to NICL, over 60 vertical thin sections were cut from the core at intervals of approximately 20 m; all are currently archived at NICL. On three subsequent visits to NICL during the past 2 years, we imaged these thin sections with the automated fabric analysis instrument that had been installed previously at NICL. From these data we have performed a detailed analysis of the texture and fabric of the core. A description of the automated system and the method of analysis can be found elsewhere (Wilen, 2000; Hansen and Wilen, 2002; Wilen and others, 2003) .
RESULTS
In what follows, we use the term recrystallization for 'migration recrystallization', which refers to the nucleation and growth of grains with new orientations at points of high stress in the ice. The new grains typically have orientations that maximize the resolved shear stress along the basal plane. For example, in ice under uniaxial compression, recrystallization results in a characteristic girdle, or multiplemaxima, pattern (Budd and Jacka, 1989; Alley, 1992) . The texture of recrystallized ice is that of large interlocking grains (Duval, 1981) .
To characterize the results, it is convenient to divide the core into four depth ranges as follows:
1. 0-200 m. In this range, the fabric and texture development look 'normal'. Grains increase in size with depth in accordance with 'normal' growth (Hillert, 1965; Alley and others, 1986) , and the fabric becomes progressively more concentrated toward the vertical. Interestingly, even at the shallowest depths measured (20 m), the fabric is not random.
2. 200-685 m. Fabric and texture indicate recrystallized ice punctuated by finer-grained regions of non-recrystallized ice. These regions can sometimes, but not always, be visualized as horizontal layers. The fabric of the recrystallized ice has the distinctive girdle pattern; however, the pattern is elongated, presumably due to the non-axisymmetric flow at the site. In the nonrecrystallized regions, the fabric is more concentrated toward the vertical than in the surrounding regions. It will be useful to keep in mind the above ranges and characteristics in presenting the data. Figure 1 shows images and grain outlines of representative thin sections, with the corresponding fabric data for each displayed on a Schmidt plot. In all cases, the fabric has been rotated to horizontal, so that a grain with a vertical c axis plots at the center of the Schmidt net, and a grain with a horizontal c axis plots on the net perimeter. Each section in range 2 that appears to have fairly distinctly layered non-recrystallized regions is noted below the image. In many other sections, there are small clusters of finer grains that may be non-recrystallized regions, but additional targeted sampling may be needed to check this hypothesis. Figure 2 shows a plot of grain-size vs depth. The grainsize is defined as the radius of a circle having the same area as the average area of the grains in the sample. Because many sections have very large grains that are cut off by the sample edges, a correction has been applied to account for this: grains that intersect the boundary of the analyzed region (usually the edge of the thin section) are weighted by 1/2 in the grain count on the assumption that these grains are cut in half on average. The values, but not the trends, are affected by this correction. For small-grained samples this correction was unnecessary. The grain-sizes shallower than 200 m are consistent with theoretical predictions of normal grain growth at -258C (solid line in plot). (To model grain-sizes below 200 m, it would be necessary to factor in the full temperature and flow history of the ice, which is uncertain.)
In interpreting the grain-size plot it is important to keep in mind the effect of the non-recrystallized finer-grained regions. These regions account for some of the noise in the data in range 2. We have indicated on the plot (square points) those sections that clearly have non-recrystallized regions/layers. From these points, it is seen that the nonrecrystallized regions likely produce a bias (toward smaller values) on the average grain-size, and that if these sections are neglected, the grain-size increases fairly consistently with depth in ranges 1 and 2. Initially we tried to analyze grain-sizes for the two populations of grains (recrystallized and non-recrystallized), but this turns out to be tricky because grain-size is itself a factor in this determination. An abrupt downward decrease in grain-size is observed between 685 and 700 m, followed by a steady downward increase up to very large grains starting from about 800 m. Figure 3 displays the fabrics of the samples. The fabric is characterized using the eigenvalue method following Mardia (1972) and Wallenbrecher (1986) . Briefly, one imagines that each c axis is represented by a unit-value point mass sitting on the upper hemisphere. The moment-ofinertia tensor I for the ensemble of masses is calculated and diagonalized. The three eigenvalues ( i ) are related to the degree of concentration of c axes about three orthogonal directions, given by the eigenvectors. The eigenvector corresponding to the smallest eigenvalue is defined as the concentration direction of the c axes, denoted by c_conc. To be consistent with the usual eigenvalue technique employed for fabric analysis, we use the eigenvalues 0 i ¼ 1 À i so that the larger the value, the more concentrated the fabric. With this convention, a completely random fabric is given by . The error bar for a given section was estimated by first rotating all c axes so that c_conc was along the z axis (polar direction). Then, synthetic thin-section data were generated that had the same polar angles as the original section (and therefore the same value of 0 1 ), but random azimuthal angles. The error bar was taken to be twice the standard deviation in the values for 0 2 and 0 3 (taken all together) for 30 sets of these synthetic sections.
In range 1, the fabric is mostly azimuthally symmetric (as indicated by the equality of the two smaller eigenvalues) and the fabric becomes more concentrated with depth, although the data are somewhat noisy. For one or two of the shallowest sections, there is an indication of statistically significant elongation in the fabric, but it is not consistently observed among different sections at the same or similar depths. Note also that the very shallow sections were taken from satellite cores (not Siple A core), but we lack sufficient data to decide if the variation in fabric characteristics is related to the different core sites.
In range 2, the fabric is azimuthally anisotropic as evidenced by the Schmidt plots and the difference (larger than the error bars) between the smaller eigenvalues. For ice that is apparently recrystallized with no layered regions, the fabric is an elongated girdle pattern. This is best demonstrated by looking at the combined Schmidt plot for five sections taken from the depth range 375-376 m. Because these thin sections were taken from a continuous length of core, they have the same geographic orientation and the caxis data can be combined directly. The sections in this range appear to have very few noticeable regions of finer grains. The result, shown in Figure 4 , is a striking girdle pattern, having almost no c axes pointing within 208 of vertical. As noted, many of the sections in range 2 have regions of finer grains. For these sections, many vertical c axes are superposed on the 'pure' girdle fabric. For some sections, the regions of finer grains are extremely well defined and it is possible to analyze the fabric of the finer and larger grains separately. The results of such an analysis are shown in Figure 5 . For each of the samples, the fabric of the finer-grained region is more concentrated toward the vertical than the surrounding grains.
The fabric changes abruptly from one which is elongated and somewhat concentrated toward the vertical at 685 m to one that is azimuthally symmetric and highly concentrated at 700 m. This change in fabric coincides with the abrupt decrease in grain-size. Over range 3, the fabric remains constant and highly concentrated.
In range 4, the fabric develops a multiple-maxima/girdle pattern characteristic of recrystallized ice, in common with deep ice at other core sites. As the grains get very large, the statistics for determining the fabric become poor.
In Figure 6 (inset), we plot the direction of concentration of the fabric on a pole diagram similar to a Schmidt plot. Each point represents the direction of concentration of c axes (c_conc) from one section as determined from the eigenvector technique. It is important to note that the azimuths of the thin sections were completely random, so the azimuth of the concentration direction is not a meaningful quantity. In Figure 6 (graph), we plot the polar angle of the concentration direction as a function of depth. The polar angle is reasonably close to zero and, to within the noise, does not appear to have changed abruptly at any particular depth.
Smaller datasets from reconnaissance studies using less accurate Rigsby-stage analyses of horizontal thin sections from the same core (Gow and Meese, 2003; Gow, http :// www.waiscores.dri.edu/Abstract01/gow01.html) are consistent with those reported here, as are results from a preliminary study using ice retrieved from Siple Dome with a hot-water drill (Gow and Engelhardt, 2000) .
DISCUSSION
The fabric and texture at Siple Dome exhibit some unusual characteristics compared to other ice-core sites. The typical progression of fabric under a variety of flow conditions applicable to many polar ice cores has been summarized by Alley (1988) . For simplicity, we concentrate here on ice in the upper part of ice cores situated on domes, saddle points or ridges where the stress state can often be characterized along the continuum from uniaxial compression (in the vertical z direction) to uniaxial tension (along the horizontal x direction). In other words, the resulting principal stress deviators can be written as:
where varies from 0 to 1 as the stress varies from uniaxial compression to uniaxial tension. ¼ 1/2 represents the case of pure shear. For ice cores situated on a true dome where the dominant stress state is uniaxial compression, random shallow fabric becomes increasingly and continuously concentrated toward the vertical with depth and the pattern retains azimuthal symmetry. Grain growth is usually 'normal' (i.e. follows the normal law for growth driven by grain boundary curvature) at shallow depths and then often slows due to impurities or polygonization. The trend toward concentration of c axes often accelerates (but remains continuous) at the Wisconsin/Holocene boundary coincident with a sudden decrease in crystal size, the latter generally assumed to be related to a pinning of grain boundaries from increased dust levels. Toward the bottom of a core, if the temperature increases to above $-108C due to the geothermal heat flux, grain-sizes increase dramatically and the fabric begins to exhibit multi-pole maxima usually associated with recrystallization. Such a scenario is exemplified by the fabric and texture at GISP2 (Gow and others, 1997) and GRIP (Thorsteinsson and others, 1997) in Greenland, and Byrd Station, Antarctica (Gow and Williamson, 1976) .
When the dominant stress state is not uniaxial, the fabric and texture development is often similar to the uniaxial case, except that the fabric pattern will not be azimuthally symmetric but rather will be elongated in the direction perpendicular to the tensional axis. Taylor Dome is a good example of this case (DiPrinzio and others, 2003) .
For ice cores where the dominant stress state is uniaxial tension, the fabric tightens up into a band on the Schmidt plot that represents axes lying in a plane perpendicular to the tensional axis. Vostok is a good example of this case (Lipenkov and others, 1989) . At Vostok, the temperature at the lowest analyzed part of the core is $-368C, and recrystallization is never observed to occur.
In the above descriptions, we have idealized the fabric development to some extent: The stress state is not constant as the ice flows downward, resulting in a fabric evolution Fig. 1 . Images and grain outlines of representative thin sections, with the corresponding fabric data for each displayed on a Schmidt plot. In all cases, the fabric has been rotated to horizontal. Unless noted, thin sections are from the Siple A core. The scale of the thin-section images is 10 cmÂ10 cm.
Fig. 1. (continued)
DiPrinzio and others: Fabric and texture at Siple Domethat may combine the above scenarios. Also, near the bottom of the core, simple shear becomes increasingly important. Nevertheless, the fabric development at a number of ice-core sites falls into the broad description that we have outlined.
In the context of the above description, the fabric and texture at Siple Dome can be said to be unusual in a number of respects. The principal unusual feature at Siple Dome is the appearance of fabric and texture that together seem to indicate recrystallization at shallow depths, where the temperature and total strain are still reasonably low compared to the conditions under which recrystallization is typically observed in other polar ice cores from interior dome or ridge sites. For example, at Siple Dome, at 200-600 m depth, the temperature varies from -22.58C to -148C (Gow and Engelhardt, 2000) . In contrast, recrystallization in the Greenland cores is first observed at depths of >2900 m where the temperature is > -12.88C (Gow and others, 1997) .
From a theoretical point of view, this behavior is unexpected in the context of commonly held assumptions about the conditions for recrystallization. Recrystallization occurs when the energy of deformation becomes large enough so that a new undeformed crystal nucleus will find it favorable to grow (Duval and others, 1983; Alley, 1992) . The deformation is characterized by the density of dislocations, whose rate of formation is proportional to the strain rate. Grain growth and other processes may act to decrease the number of dislocations. Recent models of these competing effects predict the conditions under which recrystallization is expected to occur (De La Chapelle and others, 1998; Duval and others, 2000; Montagnat and Duval, 2000; Thorsteinsson, 2002 ; see also Alley and Anandakrishnan, in press ). In many analyses, the conditions for recrystallization are generally thought to be met at temperatures >-108C and where the total integrated strain has resulted in a large dislocation density in the ice (Duval and Castelnau, 1995) . Furthermore, in order for new grains to nucleate and grow, one needs many locations of high local stress. This condition is thought to be in effect after the fabric has evolved to become highly concentrated toward the vertical, causing the ice to be 'hard' with regard to further vertical compression. The conditions for temperature, strain and fabric can all be met at the bottom of the ice sheet, which is where recrystallization is often observed.
On the other hand, laboratory experiments give indirect evidence that recrystallization may occur at temperatures of -188C or even lower (Jacka, 1984) . Measurements of strain vs creep were performed on initially small-grained isotropic ice, yielding curves that have a minimum in strain rate after a total strain of about 1%, after which the strain rate begins to increase as the regime of tertiary creep is approached. The increase in strain rate has been attributed to the onset of (migration) recrystallization; the new grains are nucleated with orientations that allow deformation to occur by easy slip along the basal plane (Duval and others, 1983; Alley, 1992; Paterson, 1994) . The regime of tertiary creep is fully developed after a total strain of approximately 10-20%. In comparison, the total strain at Siple Dome at 200 m depth is estimated to be about 20%, so it is reasonable to believe that recrystallization is active there. It should be pointed out, however, that more recent laboratory data extending measurements down to much lower stresses (and hence lower strain rates) seem to indicate that at the low strain rates found in the ice sheets, recrystallization is not expected to occur for temperatures as high as -158C and likely even higher (Jacka and Li, 2000 ; see also Duval and others, 2000) .
The lack of recrystallization at shallow depths in other ice cores may be due to a combination of factors related to temperature, strain and impurities. Ice from Greenland cores is generally dirtier than that from Antarctica, which may explain the absence of shallow recrystallization in the Greenland cores. Among inland cores from Antarctica, Siple Dome has the highest current-day annual temperatures, which may help to explain why shallow recrystallization is observed there but not at Taylor Dome or Byrd Station.
The origin of the non-recrystallized layers/regions (range 2) is not known, but is assumed to be related to some impurity or combination of impurities in the ice which may pin grain boundaries, inhibiting recrystallization and grain growth. Gow and Williamson (1976) also noted similar regions of fine-grained horizontal layers associated with cloudy bands in the ice at Byrd Station. The fabric of the bands was highly concentrated to the vertical, and in some cases (for deeper ice) the surrounding crystals appeared recrystallized. Gow and Williamson (1976) attributed the layers to either regions of concentrated shearing in the ice or inhibition of recrystallization by pinning of grain boundaries. At Siple Dome, the layered regions occur at depths shallow enough that there is not likely to be much simple shear stress. Whatever the cause, it is important to keep in mind the inhomogeneities in the fabric when considering the ice rheology for flow modeling.
The only measurement at Siple Dome related to impurities that currently has high enough spatial resolution to compare to the thin-section data is ECM/CCM (Taylor, 2003) . We made a preliminary attempt to ascertain if there was any correlation between distinct textural layers and the ECM/CCM signal. Figure 7 shows the results. We chose two thin sections where horizontal layering was unmistakable, and registered the ECM/CCM signal to the thin-section image. For comparison, we performed the same exercise for two thin sections that clearly had no layering. Because of various technical issues, there is a few-millimeter uncertainty in the registry between the continuously collected electrical data and the discontinuously collected thin sections. The range of depths in the ECM/CCM data spans this uncertainty. Although, in some cases, a layer seems to coincide with a jump in the signal, there are also similar jumps for the sections with no layers. Overall, our position is that no conclusion can be drawn without additional data.
If the recrystallization at shallow depths is linked to impurity-free, relatively warm ice, then this suggests a simple explanation for the abrupt change in fabric between 685 and 700 m as being due to an inhibition of recrystallization from the influx of higher dust levels during the last ice age, also coincident with a large amount of volcanic activity during that period (Gow, http://www.waiscores.dri.edu/ Abstract01/gow01.html). According to the current best estimate for the time-scale at Siple Dome (determined from The fabric of grains in the layers is given by the crosses, and the fabric of the grains outside of the layers is given by the diamonds. The scale of the thin-section images is 10 cm Â 10 cm. methane tie points to GISP2), this depth range corresponds to 16.3-17.8 kyr BP.
CONCLUSIONS
Understanding of the unusual features at Siple Dome is important for a number of reasons. If the shallow recrystallization is indeed anomalous and not just the fabric development expected for clean ice at these temperatures, then questions relating to the underlying causes remain. It is interesting to speculate whether some of the unusual physical features of the ice at Siple Dome might be related to the unusual features noted in the gas and chemistry data, which occur at depths that straddle the abrupt fabric and texture change. To address these questions it will be necessary to have a higher-resolution record of fabric and texture spanning the relevant depth ranges, which will be the subject of future research.
The exact mechanisms for ice deformation are still a matter of controversy (Duval and others, 2000; Montagnat and Duval, 2000) . Because the flow law for ice depends on the fabric of the ice as well as physical processes that are occurring in the ice (such as recrystallization), a clear characterization and understanding of the physical properties is . For the plots, the vertical axis is depth in meters (with the scale matched to the adjacent section, and spanning the total depth that could correspond to the section depth range) and the horizontal axis is conductivity in mS. The scale of the thin-section images is 10 cm Â 10 cm. important in modeling the large-scale ice flow (Alley, 1992; Azuma, 1994; Peltier and others, 2000) . These models, in turn, shed much light on the response of the polar ice sheets to past climate changes and improve our ability to predict future climate.
